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A  particle-layer  model  is  developed  to  quantitatively  evaluate  the  electrochemical  parameters  of  con¬ 
ventional  composite  cathodes  (CCCs)  and  impregnated  composite  cathodes  (ICCs)  for  solid  oxide  full 
cells  (SOFCs).  In  this  model,  these  cathodes  are  considered  as  a  construction  composed  of  particle  lay¬ 
ers.  The  parameters  such  as  interfacial  polarization  resistance,  three-phase  boundary  (TPB)  length,  and 
effective  electrode  thickness  are  formulated  as  a  function  of  effective  TPB  resistivity,  ionic  resistivity,  and 
cathode  structure  characteristics  including  electrode  composition,  porosity,  particle  size  of  electrocata¬ 
lyst  and  electrolyte,  and  thickness.  In  addition,  the  model  can  be  used  as  a  convenient  tool  to  estimate 
the  effective  TPB  resistivity  when  the  interfacial  polarization  resistance  is  available  or  experimentally 
determined.  Furthermore,  the  ICC  and  CCC  electrodes  are  theoretically  compared.  It  is  confirmed  that  the 
electrochemical  performance  can  be  significantly  enhanced  and  small  effective  thickness  can  be  reached 
by  using  ICC  structure,  compared  with  CCC,  due  to  the  remarkable  enlargement  of  TPB  length.  The  model 
also  provides  some  strategies  to  design  a  high  performance  cathode. 

©  2010  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Cathodes  in  solid  oxide  fuel  cells  (SOFCs)  are  usually  porous 
two-phase  composites.  By  utilizing  the  composites  as  an  alter¬ 
native  to  porous  single-phase  cathodes,  electrochemical  reaction 
zones  are  extended  from  electrolyte/electrode  interface  to  the  bulk 
of  the  electrode  [1]  and  the  thermal  expansion  coefficient  mis¬ 
match  between  the  electrode  and  electrolyte  layers  is  minimized 
[2].  These  composite  cathodes  are  often  composed  of  an  ionic  con¬ 
ducting  phase  (the  electrolyte),  an  electronic  conducting  phase 
(the  electrocatalyst),  and  pores  for  gas  transportation.  They  can 
be  divided  into  two  categories  with  different  microstructures:  (i) 
conventional  composite  cathodes  (CCCs)  and  (ii)  impregnated  com¬ 
posite  cathodes  (ICCs).  CCC  is  usually  fabricated  using  a  co-sintered 
process,  starting  with  coating  a  mixture  consisting  of  ionic  and 
electronic  particles  onto  a  dense  electrolyte  layer  using  a  slurry- 
based  technique  such  as  screen  printing,  followed  by  co-sintering 
the  coated  ionic  and  electronic  particles  at  high  temperatures. 
The  resulted  particle  size  of  both  phases  is  usually  micrometer  in 
scale  due  to  the  high-temperature  sintering,  which  must  be  con¬ 
ducted  to  enhance  the  bonding  strength  between  the  cathode  and 
electrolyte  layers  [3].  CCC  structure  is  frequently  considered  as  a 
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random  packing  system  consisting  of  spherical  particles  [4]  as  illus¬ 
trated  in  Fig.  la.  Electrochemical  reduction  of  oxygen  molecule 
is  usually  believed  to  take  place  at  so-called  three-phase  bound¬ 
aries  (TPBs),  where  percolated  ionic  particles,  percolated  electronic 
particles,  and  open  pores  contact  with  each  other  (Fig.  lc).  A  vol¬ 
ume  of  experimental  and  simulation  work  suggests  that  large  TPB 
length  is  necessary  for  high  electrode  performance  and  TPB  is  sen¬ 
sitive  to  the  electrode  geometric  structure  [3,5,6].  Unlike  CCC,  ICC 
is  fabricated  with  separated  sintered  processes,  where  one-phase 
is  screen-printed  onto  the  electrolyte  layer  and  sintered  at  high 
temperatures  to  achieve  the  strong  bonding,  while  the  other  phase 
is  deposited  using  an  ion  impregnation  method  and  subsequently 
sintered  at  relatively  low  temperatures,  resulting  in  much  small 
particles,  often  nanometer  in  size  [5].  Compared  with  CCC,  TPB 
length  of  ICC  is  significantly  enlarged  due  to  the  special  geomet¬ 
ric  structure  [3].  As  shown  in  Fig.  lb,  the  ionic  phase,  which  is 
prepared  by  high-temperature  sintering,  can  be  modeled  as  a  ran¬ 
dom  packing  system  of  micron  ionic  particles,  while  the  electronic 
phase,  which  is  prepared  by  low-temperature  sintering  of  ion- 
impregnates,  can  be  regarded  as  a  thin  film  composed  of  nanoscale 
electronic  particles.  Many  experimental  results  indicate  that  sig¬ 
nificant  performance  enhancement  can  be  obtained  by  utilizing 
the  ICC  structure  [2, 5, 7, 8].  For  instance,  Xu  et  al.  [2]  reported 
that,  at  700  °C  the  interfacial  polarization  resistance  decreases 
from  0.94  £2  cm2  for  a  ( La0.85  Sr0  .i5)o.9Mn03_5  (LSM)-Ceo.8Sm0.20i.g 
(SDC)  CCC  to  0.35  Q  cm2  for  an  ICC  when  the  two  electrodes  have 
the  same  composition.  It  is  believed  that  the  coated  nanoscale 
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Nomenclature 

A 

geometric  cross-sectional  area  of  composite  cath¬ 
ode,  cm2 

*eff 

io-io 

effective  contact  surface  area  between  ionic  parti¬ 
cles  per  particle  layer,  |jim2 

ho 

current  through  the  cathode/electrolyte  interface,  A 

L 

cathode  thickness,  pm 

reff 

10-el 

effective  TPB  length  per  particle  layer,  p,m 

P,o 

percolation  probabilities  of  ionic  particles 

Pel 

percolation  probabilities  of  electronic  particles 

Po2 

oxygen  partial  pressure 

Rio 

ionic  resistance  per  particle  layer,  £2 

Re  1 

electronic  resistance  per  particle  layer,  £2 

Rjpb 

resistance  associated  with  oxygen  reduction  at  TPBs 
per  particle  layer,  £2 

Pp 

interfacial  polarization  resistance,  £2  cm2 

Ho 

radius  of  ionic  particles,  |xm 

rei 

radius  of  electronic  particles,  pan 

Ho-el 

smaller  radius  of  ionic  and  electronic  particles,  p,m 

T 

absolute  temperature,  K 

Vio 

number  of  ionic  particles  per  unit  volume,  p,m-3 

W 

effective  width  of  electrochemical  active  zone 

X 

coordinate  along  the  cathode  thickness,  pm 

^io-io 

number  of  contacts  between  ionic  particles 

^el-el 

number  of  contacts  between  electronic  particles 

^io-e\ 

number  of  contacts  between  an  ionic  particle  and 
electronic  particles 

Z 

average  coordination  number  of  all  particles 

Greek  letters 

A 

radius  ratio  of  electronic  particles  to  ionic  particles 

^io-io 

thickness  of  the  ionic  particle  interface,  nm 

^io-el 

effective  thickness  of  electrochemical  active  zone 

d)io 

potentials  of  ionic  conduction  in  the  nth  particle 
layer,  V 

<2>el 

potentials  of  electronic  conduction  in  the  nth  parti¬ 
cle  layer,  V 

0io 

volume  fraction  of  ionic  phase  to  the  total  solid 
materials 

0el 

volume  fraction  of  electronic  phase  to  the  total  solid 
materials 

0g 

porosity 

i 

neck  perimeter  between  an  ionic  particle  and  an 
electronic  particle,  p,m 

X 

effective  cathode  thickness,  pm 

ll 

Bruggeman  factor 

0 

contact  angle 

peff 

'lO 

effective  resistivity  of  ionic  phase,  £2  cm 

y0eff 

'lo.tra 

effective  intra-particle  resistivity  of  ionic  phase, 

Q  cm 

yOeff 
^10,  ter 

effective  inter-particle  resistivity  of  ionic  phase, 

Q  cm 

n? 

^io,tra 

intrinsic  intra-particle  resistivity  of  ionic  phase, 

Q  cm 

P? 

^10, ter 

intrinsic  inter-particle  resistivity  of  ionic  phase, 

Q  cm 

effective  resistivity  at  TPB,  £2  cm 

P°pB 

intrinsic  resistivity  of  electrochemical  active  zone, 

Q  cm 

particles  enlarge  the  TPB  length,  leading  to  the  decrease  of  polariza¬ 
tion  resistance.  Zhu  et  al.  [3]  have  indirectly  confirmed  this  view¬ 
point  theoretically  by  comparing  the  TPB  length  of  the  two  type 
electrodes.  However,  due  to  the  significant  difference  in  the  geo¬ 
metric  structures  of  these  cathodes,  to  the  best  of  our  knowledge,  a 
theoretical  model  which  is  applicable  to  both  CCC  and  ICC  has  not 
been  proposed  to  estimate  the  cathode  performance,  yet.  Most  of 
the  reported  models  focus  on  CCC  [9,10],  while  a  few  of  models  are 
developed  for  ICC  [11,12]. 

In  this  report,  we  try  to  develop  a  mathematical  model  to  quan¬ 
titatively  assess  the  cathode  performance  in  terms  of  interfacial 
polarization  resistance  for  both  ICC  and  CCC  electrodes.  In  addition, 
the  TPB  length  and  effective  thickness  are  calculated.  Consequently, 
the  performance  enhancement  mechanisms  derived  from  the  ion 
impregnation  method  are  revealed.  Some  strategies  are  also  out¬ 
lined  for  fabricating  high  performance  cathodes. 


2.  Model  description 


The  composite  electrodes,  both  ICC  and  CCC,  are  composed  of 
spherical  particles,  which  might  have  different  sizes.  It  is  there¬ 
fore  reasonable  to  consider  that  CCC  and  ICC  are  constructed  by 
adding  particles  layer  by  layer  onto  the  electrolytes.  At  each  layer 
the  resistance  associated  with  the  chemical/electrochemical  reac¬ 
tions  at  TPB  is  the  same.  However,  the  resistance  associated  with 
concentration  polarization  and  ionic-electronic  conduction  is  dif¬ 
ferent  due  to  the  different  distance  from  the  electrolyte  to  each 
layer.  When  the  electrode  porosity  is  high  enough,  usually  >0.3, 
the  concentration  polarization  resistance  is  negligible.  So  in  one 
particle  layer,  the  resistance  for  cathode  reactions  contains  ionic 
resistance,  ftio;  electronic  resistance,  Re j;  and  resistance  for  reac¬ 
tions  at  TPBs,  Rj pb,  which  is  in  series  with  Rio  and  Re\.  Therefore, 
current  transport  through  the  ionic  and  electronic  phases  and  reac¬ 
tions  at  TPBs  can  be  modeled  with  the  equivalent  circuit  as  shown 
in  Fig.  Id.  In  adjacent  particle  layers,  the  ionic  conduction  and  elec¬ 
tronic  conduction  connect,  respectively.  According  to  Kirchhoffs 
law  of  current,  the  governing  equation  for  the  conservation  of  ions 
and  electrons  in  the  nth  particle  layer  is 


'  ~  ^n-l  0»°  ~  n°+1  ~  <  0 

R'°  R'°  RtPB  (l  a) 

*  *£'-<1  o 

<  Re  i  Re\  ftrpB 


where  @l°  and  denote  the  potentials  for  ionic  and  elec¬ 
tronic  conduction  in  the  nth  particle  layer,  respectively.  However, 
due  to  the  much  low  resistivity  of  the  electronic  phase  (e.g., 
7.8  x  10-3  £2  cm  for  LSM  at  800  °C  [1],  and  5xl0-4^cm  for 
La0.6Sr0.4CoO3_(5  (LSC)  at  600  °C  [13])  compared  with  that  of  ionic 
phase  (e.g.,  30  £2  cm  for  Zr0.92Y0.0sO1.96  (YSZ)  at  800  °C  [1],  and 
50  £2  cm  for  SDC  at  600  °C  [14]),  the  electronic  resistance  per  parti¬ 
cle  layer  is  negligible.  Consequently,  the  potential  difference  arising 
from  the  electronic  phase  is  negligible.  Thus  Eq.  ( 1  -a)  can  be  approx¬ 
imately  degraded  into 


010  _  010  010  _  010  ^io 

ZJJ  ^n+1  =  q 

Rio  Rio  Rj  PB 


(1-b) 


The  ionic  resistance  per  particle  layer  can  be  estimated  as 


n  _  ^eff^io 

Kio  -  Pi0  A 


(2) 


where  p?off,  2rio,  and  A  represent  the  effective  resistivity  of  ionic 
phase,  the  thickness  of  one  particle  layer  (the  diameter  of  ionic 
particle),  and  the  geometric  cross-sectional  area  of  composite  cath¬ 
ode,  respectively.  Combining  Eq.  (1-b)  with  Eq.  (2),  the  following 
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Fig.  1.  Schematic  geometric  structure  for  the  conventional  composite  cathode  (CCC)  (a),  the  impregnated  composite  cathode  (ICC)  (b),  schematic  illustrating  the  TPB  (c),  and 
the  equivalent  circuit  of  these  composite  cathodes  composed  of  particle  layers  (d). 


equation  is  obtained 


where 


A  /<°+1-^°  _  =  &S 

pf0ff2ri0  V  2ri0  2rio  J  2rioRTPB 

Above  equation  can  be  mathematically  re-written  to 

d2  •  Peff 

_010  =  _ LJ2 _ 010 

dx2  2rioAftTPB 


(3) 


(4) 


where  x  is  the  coordinate  along  the  cathode  thickness  (Fig.  la). 
Assuming  that  the  electrochemical  reactions  at  cathode/electrolyte 
and  current-collector/cathode  interfaces  are  neglectable  compared 
with  those  within  the  bulk  of  the  composite  electrode,  the  following 
boundary  conditions  are  given 


010  =  @l°  forx  =  0  (n  =  0),  and  ^  =0for x  =  L  (5) 

where  L  is  cathode  thickness.  Thus  the  potential  in  the  ionic  phase 
is  presented  as 


0io 


exp(2L/A)  + 1 


(21 

\  (x  M 

[expU 

i+expU)J 

(6) 


k  = 


2r  io  AftTPB 


neff 


(7) 


The  current  through  the  cathode/electrolyte  interface  is 


ho 


0lo  _  010 
^io 


(8) 


Combining  Eqs.  (6)-(8),  the  interfacial  polarization  resistance, 
ftp,  is  obtained 


(9) 


Above  formulation  is  analogous  to  the  thin  film  model  devel¬ 
oped  by  Kenjo  et  al.  [15],  which  is  an  acursory  quantitative 
analysis  for  the  composite  cathode  since  it  neglects  the  electrode 
microstructure.  In  our  model,  the  effect  of  cathode  microstructure 
on  the  interfacial  polarization  can  be  discussed  in  detail  and  will  be 
done  in  the  following  parts.  When  the  cathode  is  very  thick,  Eq.  (9) 
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may  be  approximated  to 


where  Z  is  the  average  coordination  number  of  all  particles,  which 
is  widely  assumed  thatZ  =  6.  The  coordination  numbers  among  the 
same  kind  of  particles  are  expressed  as 


The  interfacial  polarization  resistance  increases  by  31.3%  when 
the  cathode  thickness  decreases  from  infinity  to  X.  Thus  the  param¬ 
eter  X  can  be  regarded  as  the  effective  thickness,  which  is  a  function 
of  the  effective  resistivity  of  ionic  phase  and  polarization  resistance 
per  particle  layer  as  shown  in  Eq.  (7).  It  should  be  noted  this  conclu¬ 
sion  is  made  under  the  assumption  that  the  electronic  conduction 
resistance  and  concentration  polarization  resistance  are  negligible. 
However,  it  is  of  practical  importance  since  X  is  usually  so  small 
that  the  assumption  is  basically  correct. 

Rj pb  is  a  function  of  geometric  structures  and  oxygen  reduction 
rate  at  TPBs  as 


Ktpb  = 


PjPB^i 


io-el 


wLef{  . 

io-el 


(11) 


where  p°pB  and  lf0fLel  represent  the  intrinsic  resistivity  for  the  oxy¬ 
gen  reduction  at  the  electrochemical  active  zone  and  the  effective 
TPB  length  per  particle  layer,  respectively.  As  shown  in  Fig.  1  c,  <$io_el 
and  w  indicate  the  effective  thickness  and  width  of  electrochemical 
active  zone  [16],  respectively,  which  are  usually  not  available.  For 
simplification,  an  effective  resistivity,  p?^fR,  is  practically  defined  for 
the  reactions  at  TPB 


Ptpb  = 


(12) 


p^PB  can  be  measured  experimentally  [9,17].  It  is  a  constant  if 
temperature  and  gas  concentration  are  uniform  throughout  the 
cathode.  Eq.  (11)  can  be  re-written  as 


%  pb  = 


Ptpb 

Leff  . 

io-el 


(13) 


Leof^e)  is  proportional  to  the  neck  perimeter  per  contact  between 
an  ionic  particle  and  an  electronic  particle,  r,  the  volume  of  one 
particle  layer,  2rioA;  the  number  of  ionic  particles  per  unit  volume, 
vio ;  the  number  of  contacts  between  an  ionic  particle  and  electronic 
particles,  Zio_el;  and  the  percolation  probabilities  of  the  ionic  and 
electronic  particles  Pio  and  Pel.  That  is  [4]: 

Ao-el  =  ^  (2rio^)  Ho-^io-el^io^el  (14-a) 


i  depends  upon  the  smaller  radius  of  ionic  and  electronic  particles, 
rio_el,  and  the  contact  angle,  0  (Fig.  lc): 


l  =  27rrio_el  sin# 


(14-b) 


It  is  widely  assumed  0  =  tt/1  2  [3].  vio  can  be  estimated  as 


y  _  y  0io  Aio 

i0"i0“  0elAel  +  0ioAio 

y  _  y  0el  Ael 

e'-el“  0el/rel  +  0io/rio 


(14-g) 

(14-h) 


For  ICC,  the  ionic  and  electronic  phases  are  continuous  through¬ 
out  the  cathode,  so  Pio  and  Pel  are  both  equal  to  1 .  For  the  geometric 
structure  illustrated  in  Fig.  lb,  the  ionic  particles  form  a  random 
packing  system,  thus  Zio_io  equals  to  Z.  In  case  that  the  ionic  par¬ 
ticles  are  completely  coated  by  the  electronic  particles,  according 
to  the  model  by  Zhu  et  al.  [3],  the  number  of  contacts  between  an 
ionic  particle  and  electronic  particles  can  be  estimated  as 


(6COS0-4)  (1  +Zi)3 
(1  +  4)(1  +2Zi)-(l  +2A)1'5 


(15) 


where  A  is  the  radius  ratio  of  electronic  particles  to  ionic  particles 
(zl  =  rei/ri0). 

The  effective  resistivity  of  ionic  phase  is  always  expressed  as  the 
sum  of  intra-particle  resistivity  and  inter-particle  resistivity  [4]: 


The  intra-particle  resistivity  is  estimated  as 


(16-a) 


peff  = 
^io,tra 


[(1  0g)0io^io] 


(16-b) 


where  p?  tra  is  the  intrinsic  intra-particle  resistivity.  The  Brugge- 
man  factor  /x  is  used  to  include  the  effects  of  tortuous  conduction 
paths  (/x  is  typically  1.5). 

The  inter-particle  resistivity  is  evaluated  as 


oeff  : 

'io, ter 


Akter^io-icA 

2rio4f£io 


(16-c) 


where  p?  is  the  intrinsic  inter-particle  resistivity,  5io_io  is  the 
thickness  of  the  ionic  particle  interface,  about  5  nm  [  1 8].  A?of^io  is  the 
effective  contact  surface  area  between  ionic  particles  per  particle 
layer: 


4*i„  =  ^(noSin6>)2(2rioa)i/ic 


(16-d) 


3.  Results  and  discussion 


3.1.  Effective  resistivities  of  TPB  and  ionic  phase 


,  _  (^  “  0g)0io 

i0“  4^3/3 


(14-c) 


where  </>g  represents  the  porosity  and  0io  represents  the  volume 
fraction  of  ionic  phase  to  the  total  solid  materials. 

For  CCC,  according  to  the  percolation  theory  [4],  Zio_el,  Pio  and 
Pel  can  be  estimated  as 


To  conduct  the  calculation,  the  effective  resistivities  of  TPB 
and  ionic  phase  should  be  available.  This  work  takes  the  typical 
LSM-YSZ  composite  cathode  as  an  example.  With  the  reported  data 
derived  from  the  electrochemical  measurements  of  LSM  cathode  on 
YSZ  electrolyte  [9],  the  effective  resistivity  of  TPB  can  be  obtained 
as  the  derivative  of  overpotential  with  respect  to  current  per  unit 
TPB  length,  given  by 


4,-el=  2  (l+lfoAel) 


0el  Ael 


0el  Ael  +  0io  Aic 


(14-d)  <B  =  5.5  x  10“7Po2“1/4r  exp  ^2-05^  lp4^ 


Pin  = 


Pel  = 


'  _  /  4.236 -Zi0_i0\  2  5 

V  2.472  j 

'  _  /4.236-Zei_e|\2-5' 

V  2.472  ) 


(14-e)  +6.0  x  10~4P exp  1q4^  (17) 

The  effective  TPB  resistivity  is  a  function  of  oxygen  partial  pressure, 
(14_f)  Po2,  and  absolute  temperature,  T.  In  case  P02  =0.21,  the  effec¬ 
tive  TPB  conductivity,  l/PjpB,  is  8.4  x  10-8Scm-1  at  600  °C  and 
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Fig.  2.  The  effective  ionic  conductivity,  1  / p^off,  as  a  function  of  YSZ  volume  fraction, 
0 i0,  LSM  particle  size,  re i,  and  operating  temperature,  T (rio  =  1  |Jim,  0g  =  0.41 ). 


4.2  x  10-6Scm-1  at  800  °C.  The  results  are  consistent  with  the  liter¬ 
ature  data  of  4.0  x  10-6  S  cm-1  at  800  °C,  which  is  measured  using 
electrochemical  impedance  spectroscopy  and  focused  ion  beam¬ 
scanning  electron  microscopy  (FIB-SEM)  [17]. 

While  the  effective  TPB  resistivity  is  the  same  for  CCC  and  ICC, 
the  effective  ionic  phase  resistivities  of  CCC  and  ICC  should  be  dif¬ 
ferent  due  to  their  different  microstructure.  Arrhenius  equation  is 
applied  to  fit  the  experimental  results  of  Ref.  [19]  to  estimate  the 
intrinsic  intra-particle  and  inter-particle  resistivity  of  YSZ  as 

^io.tra  ~  l-5  x  lO  6^  exp^1-0*104)  (18-a) 

P°,ter  =  1-8  x  10~5t  exP  (9'4  f  103  )  (18-b) 

Fig.  2  shows  the  effective  YSZ  conductivity,  1  /pf0ff,  as  a  function 
of  YSZ  volume  fraction,  0io,  at  different  temperatures  and  particle 
sizes.  For  CCC,  1  /p?off  is  sensitive  to  LSM  particle  size.  The  smaller 
the  LSM  particle  size,  the  larger  the  YSZ  volume  fraction  should  be 
utilized  to  achieve  the  same  effective  conductivity.  Furthermore, 
there  exists  a  volume  fraction  threshold  for  CCC.  With  the  increase 
of  YSZ  volume  fraction,  1  /p?off  is  zero  below  the  threshold,  increases 
sharply  at  the  threshold,  finally  reaches  the  same  value  as  that  of 
ICC.  On  the  contrary,  ICC  does  not  have  the  threshold.  Its  effective 
conductivity  is  independent  of  LSM  particle  size,  much  higher  than 
that  of  CCC  in  low  0io  range,  and  is  no  less  than  that  of  CCC  in  the 
whole  composition  range  when  YSZ  particles  in  CCC  and  ICC  have 
the  same  size. 

The  practical  composition  of  LSM-YSZ  composite  cath¬ 
odes  (CCC)  is  usually  0io  =  0el.  At  this  composition,  according 
to  the  model  calculation,  the  ionic  conductivity  for  CCC  is 
7.0  x  10-3  S cm-1  at  800°C,  while  it  is  8.0  x  10~3  Scm”1  for  ICC 
when  rio  =  rel  =  1  p,m  and  0g  =  0.41 .  However,  when  rel  decreases  to 
0.2  [Jim,  the  conductivity  for  ICC  is  the  same  while  it  is  neglectable 
for  CCC  since  YSZ  composition  is  below  the  percolation  limit  (Fig.  2). 
The  difference  in  effective  ionic  conductivity  between  ICC  and  CCC 
is  due  to  the  percolation  of  YSZ  particles.  For  ICC,  the  ionic  particles 
are  sintered  with  the  electrolyte  layers  at  high  temperature  to  form 
YSZ  backbones.  Consequently,  a  continuous  3D  network  composed 
of  YSZ  particles  is  formed.  While  for  CCC,  the  YSZ  and  LSM  particles 
are  mixed  and  co-sintered,  resulting  in  a  random  packing  system, 
so  the  continuity  of  YSZ  particles  is  relative  to  the  composition  and 
the  size  of  LSM  particles. 

The  effective  ionic  conductivity  is  also  strongly  dependent 
on  temperature.  For  instance,  in  case  0io  =  O.5,  0g  =  O.41  and 


rio  =  1  [xm  for  ICC,  1  /p?off  increases  from  3.4  x  10-3  S  cm-1  at  700  °C 
to  8.0  x  10-3  Son-1  at  800 °C.  The  effective  conductivity  of  ionic 
phase  can  be  increased  by  using  high  operating  temperature  and/or 
ICC  structure.  But  high  operating  temperature  is  not  favorable  to 
cost  reduction. 

3.2.  TPB  length  of  CCC  and  ICC 

Fig.  3  shows  the  TPB  length  per  unit  volume,  Lf*f_el/2rioA,  as  a 
function  of  YSZ  volume  fraction  for  different  LSM  particle  sizes. 
For  CCC,  there  exist  lower  and  upper  thresholds  in  terms  of  YSZ 
volume  fractions,  beyond  which  TPB  length  is  negligible.  The  max¬ 
imum  TPB  length  per  unit  volume  is  reached  at  a  certain  YSZ 
volume  fraction.  For  example,  in  case  rio  =  1  [Jim,  the  maximum  TPB 
length  is  obtained  when  YSZ  volume  fraction  is  0.5  for  re\  =  1  |xm 
and  0.8  for  rel  =  0.2  [Jim.  This  prediction  is  consistent  with  the  lit¬ 
erature  data  [6].  Fig.  3  also  shows  that  remarkable  TPB  length 
enlargement  can  be  obtained  by  utilizing  ICC.  The  maximum  TPB 
length  for  CCC  with  rel  =  0.2  [xm  is  1 .3  x  1 08  cm  cm-3 .  The  TPB  length 
increases  to  8.0  x  108  cm  cm-3  for  ICC  when  the  coated  LSM  parti¬ 
cle  radius  is  1 00  nm.  It  further  increases  to  34  x  1 08  cm  cm-3  when 
re i  decreases  to  20  nm.  The  results  imply  that  high  cathode  per¬ 
formance  may  be  achieved  with  ICC  even  at  relative  low  operating 
temperature  due  to  their  much  high  TPB  length  compared  with  that 
of  CCC. 

3.3.  Interfacial  polarization  resistances  of  CCC  and  ICC 

The  validation  of  the  particle-layer  model  is  checked  with  lit¬ 
erature  data  and  the  results  are  shown  in  Fig.  4.  When  CCC  is 
operated  at  950  °C,  substituting  the  literature  data  [20]  into  our 
model,  rio  =  0.25  |Jim,  rel  =  0.5  |jim,  0  g  =  0.41  and  1  =  50  pan,  the  pre¬ 
dicted  interfacial  polarization  resistance  is  0.16  £2  cm2,  compared 
with  the  literature  data  of  0. 1 2  Cl  cm2  for  the  composition  of  30  wt.% 
YSZ  (0io  =  0.31).  When  the  operating  temperature  decreases  from 
950  °C  to  700  °C,  according  to  the  model  prediction,  the  polar¬ 
ization  resistance  increases  from  0.12  £2  cm2  to  2.12  £2  cm2  when 
YSZ  volume  fraction  is  0.42.  For  ICC  with  rio  =  l  [Jim,  rel  =  75nm, 
0 g  =  0.41 , 0io  =  0.62  and  L  =  60  [xm,  the  predicted  polarization  resis¬ 
tance  is  only  0.62  £2  cm2  at  700  °C,  close  to  the  literature  data  of 
0.48  Q  cm2  [21  ],  which  is  the  only  available  data  for  ICC  LSM-YSZ 
electrodes.  It  can  be  seen  that  the  predicted  resistance  basically 
agrees  with  the  experimental  data  for  both  CCC  and  ICC  electrodes. 
The  slight  higher  predicted  resistances  may  be  caused  by  neglecting 


Fig.  3.  TPB  length  per  unit  volume,  Leof^el/2ri(>A,  as  a  function  of  YSZ  volume  fraction, 
0 i0,  and  LSM  particle  size,  re i  (rio  =  1  |jim,  0g  =  0.41 ). 
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Fig.  4.  Comparison  between  the  model  prediction  and  the  literature  data  for  CCC 
[20]  and  ICC  [21]. 

the  electrochemical  reactions  at  cathode/electrolyte  and  current- 
collector/cathode  interfaces. 

As  shown  in  Fig.  4,  the  predicted  polarization  resistance  at  the 
same  temperature  (700  °C)  is  much  lower  for  ICC  than  that  for  CCC. 
The  high  electrochemical  performance  of  ICC  is  due  to  the  enlarge¬ 
ment  of  TPB  length  (Fig.  3)  as  a  result  of  the  unique  microstructures 
derived  from  the  two-step  sintering  and  ion-impregnation  pro¬ 
cesses.  Furthermore,  for  CCC,  there  exist  lower  and  upper  volume 
fraction  threshold,  at  which  the  polarization  resistance  tends  to  be 
very  large.  This  phenomenon  is  due  to  sharp  decrease  in  TPB  length 
at  the  thresholds.  For  ICC,  the  polarization  resistance  decreases 
with  the  increase  of  YSZ  volume  fraction  when  the  porosity  is 
fixed.  It  seems  that  the  smaller  the  LSM  volume  fraction  is,  the 
lower  the  polarization  resistance  should  be.  However,  the  sur¬ 
face  of  YSZ  particles  might  not  be  covered  completely  with  the 
coated  LSM  particles  when  LSM  volume  fraction  is  low  to  a  level 
where  the  electronic  resistivity  is  not  neglectable.  In  experiments, 
it  is  still  a  challenge  to  obtain  continuous  film-like  structure  by 
one-step  impregnation.  Contrarily,  multi-step  impregnation  is  nec¬ 
essary.  It  should  be  noted  that  excessive  impregnation  blocks  gas 
diffusion,  resulting  in  high  concentration  polarization  resistance 
[22]. 


3.4.  Effects  of  particle  size 


Normally,  with  the  decrease  of  particle  size,  the  performance 
can  be  improved  due  to  the  increase  of  TPB  length,  Fig.  5(a).  The 
effective  thickness  is  also  relative  to  the  TPB  length  per  unit  volume. 
Combining  Eq.  (7)  with  Eq.  (13),  the  partial  of  A  with  respect  to 
In  (L<rJ_j2rmA)  is  given  by 


_ _ _  _0  5 

d\n(LflJ2ri0A) 


(19) 


Eq.  (19)  suggests  that  the  thickness  within  which  the  electro¬ 
chemical  reaction  takes  place  in  ICC  is  smaller  than  that  in  CCC, 
Fig.  5(b).  In  addition,  the  effective  thickness  increases  with  the 
increase  of  particle  size,  which  suggests  that  the  larger  the  par¬ 
ticle  is  used,  the  thicker  the  cathode  should  be  fabricated.  It  should 
be  noted  that  this  suggestion  is  made  under  the  assumption  that 
the  concentration  polarization  is  negligible.  Fig.  5(c)  shows  the 
polarization  resistance  as  a  function  of  the  particle  size.  Decreasing 
particle  size  leads  to  significant  increase  in  electrochemical  per¬ 
formance.  Unfortunately,  for  the-state-of-the-art  CCC,  the  particles 
are  usually  micrometer  in  size  due  to  the  grain  growth  during  the 
high-temperature  sintering.  But  for  ICC,  the  impregnated  phase  is 
usually  introduced  in  the  form  of  metal  salts,  so  the  sintering  tem¬ 
perature  is  relative  low,  leading  to  a  low  level  of  grain  growth.  Thus, 
it  is  practical  to  achieve  nano-sized  particles  by  the  impregnation 
technique,  and  substantially  increase  the  performance. 


3.5.  Prediction  of  effective  TPB  resistivity 

The  particle-layer  model  can  be  used  to  calculate  the  effective 
TPB  resistivity,  p^fB,  using  the  interfacial  polarization  resistances 
measured  with  either  CCC  or  ICC.  For  example,  according  to 
the  interfacial  polarization  resistances  of  LSM-YSZ  CCCs  with 
thicknesses  of  5  p,m  and  11  pun  [10],  and  the  reported  geomet¬ 
ric  parameters,  such  as  rio=  rei  =  0.15  |jim,  </>io  =  0.5  and  0g  =  O.4, 
p^fB  is  back-calculated  as  (1.18±0.38)  x  107  £2cm  at  600°C, 
( 1 .79  ±  0.61 )  x  1 06  £2  cm  at  700  °C,  and  (3.45  ±  1 .1 8)  x  1 05  £2  cm  at 
800  °C,  in  accordance  with  that  of  1 .20  x  1 07  £2  cm,  1 .32  x  1 06  £2  cm 
and  2.41  xl05^cm  as  obtained  from  Ref.  [9]  or  Eq.  (17),  respec¬ 
tively.  It  implies  that  the  effective  TPB  resistivity  can  be  estimated 
by  our  model.  Compared  with  the  FIB-SEM  reconstruction  method 
[17],  which  is  although  the  most  accurate,  this  particle-layer  model 
is  much  easier  to  conduct. 


rio,  pm  rjo,  pm  pm 


Fig.  5.  TPB  length  per  unit  volume  (a),  L^f_el/2rioA,  effective  cathode  thickness  (b),  X,  and  polarization  resistance  (c),  Rp,  as  a  function  of  YSZ  particle  size,  rio,  and  particle  size 
ratio,  A,  for  CCC  and  ICC  (T=  800 °C,  0io  =  0?5,  (pg  =  0.41, 1  =  50  |xm). 
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p^fB  for  LSC  electrocatalyst  on  SDC  electrolytes  is  not  avail¬ 
able  in  the  literature.  Based  on  the  experimental  data  for  the 
LSC-SDC  cathodes  [13],  p?  tra  =  50 £2 cm  [14],  p?  ter  =  53  £2 cm 
[23]  at  600  °C,  using  the  reported  geometric  parameters,  such  as 
rio  =  1  |jim,  0 io  =  0.5  and  L  =  50  |jim,  with  0g  =  0.41  assumption,  p^fB 
is  estimated  as  (4.2  ±  0.34)  x  105  £2  cm  according  to  the  interfacial 
polarization  resistances  of  3.5  £2  cm2  and  0.31  £2  cm2  for  the  CCC 
with  rel  =  1  |jim  and  ICC  with  rel  =  50  nm,  respectively.  The  effective 
TPB  resistivity  is  about  two  orders  lower  than  that  of  the  LSM-YSZ 
cathode  on  YSZ  electrolyte.  The  difference  in  p^fB  is  possibly  due 
to  the  difference  catalytic  activity  with  respect  to  surface  oxygen 
exchange  rates  between  LSM  and  LSC.  For  instance,  the  surface  oxy¬ 
gen  exchange  coefficient  at  800  °C  is  about  1.0  x  10_8cms_1  for 
LSM  [24],  and  1.4-1. 6  x  lCT5  cms-1  for  LSC  [25].  In  addition,  due 
to  the  mixed  oxygen-ionic  and  electronic  conduction  in  LSC,  the 
electrochemical  active  zone  may  be  extended  beyond  TPB. 

4.  Conclusions 

The  TPB  length,  effective  thickness,  and  interfacial  polarization 
resistance  for  both  CCC  and  ICC  can  be  predicted  using  the  particle- 
layer  model  developed  in  this  work.  Furthermore,  the  effective  TPB 
resistivity  can  be  estimated  using  the  resistance  data  and  geomet¬ 
ric  structure  parameters  of  composite  cathodes.  According  to  the 
model  calculation,  compared  with  CCC,  the  sufficient  decrease  of 
the  interfacial  polarization  resistance  and  the  effective  thickness  of 
ICC  are  mainly  due  to  the  enlargement  of  the  TPB  length.  The  pre¬ 
dicted  results  basically  agree  with  the  literature  data.  As  a  general 
trend,  both  for  CCC  and  ICC,  reasonably  thicker  cathode  should  be 
used  to  satisfy  the  demand  of  enough  active  sites  for  the  electro¬ 
chemical  reaction  when  the  particle  size  is  bigger,  which  leads  to 
the  relative  high  effective  thickness.  Small  connected-particle  and 
low  impregnation  loading  are  critical  to  achieve  a  better  perfor¬ 
mance  using  the  ion  impregnation  method. 
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